Diethyl malonate turned out to be both a "green" and highly efficient acyl donor in the lipase-catalyzed resolution of amines, thus representing an attractive alternative to currently applied acyl donors. By means of this acyl donor a highly efficient enzymatic process for the resolution of amines, running at high substrate input of up to 200 g/L in an organic solvent classified as "usable" according to the Pfizer Solvent Selection Guide, is presented.
Introduction
A large percentage of today's drugs contain chiral amine frameworks, and their synthesis often re- quires the use of enantiomerically pure amines as building blocks [1] . In order to provide enantiomerically pure amines as drug intermediates in an economically attractive fashion, the development of efficient methodologies for their enantioselective synthesis is a key task for organic chemists. Among existing synthetic approaches, comprising classic chemical resolution via diastereomeric salts as well as asymmetric chemo-and biocatalysis, lipase-catalyzed resolution of amines developed at BASF certainly ranks among the top processes for chiral amine synthesis in terms of both synthetic efficiency and technical attractiveness [2 -4] . This is underlined by the impressive production volume of this technology at BASF being in the multi-thousand tons range [4] . Key feature of this outstanding BASF process technology is the use of an α-heteroatom-substituted acetate such as a methoxyacetate (1) as an acyl donor for the enantioselective acylation of (racemic) amines as substrates (Scheme 1) [2 -7] . What makes this process additionally attractive from the perspective of sustainability is the opportunity to recycle the unwanted enantiomer through racemization. To further improve the sustainability of the resolution process, the search for alternative acyl donors showing a low hazard potential (which ideally means being listed as "no hazardous product") and at the same time excellent reactivity is desirable. For comparison, ethyl methoxyacetate is classified as flammable, and the corresponding methoxyacetic acid is listed as a toxic compound [8, 9] . On the other hand, ethyl acetate [10] (and related non-activated aliphatic esters) show a tremendous decrease of reactivity compared to methoxyacetate [2 -6] . Thus, identifying acyl donors, which are highly reactive acylating agents and attractive from both a hazard potential and economical perspective, still represents a challenging task. In our attempts addressing this issue we became interested in c 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com an evaluation of diethyl malonate as an acyl donor due to the following features which appear to make this compound promising: (i) cheap and readily available chemical produced on bulk scale, (ii) (relatively) low hazard potential (classification as no dangerous material according to the MSDS of Merck Chemicals; however, in the MSDS of Sigma-Aldrich this compound is classified as irritating to eyes) [11] , and (iii) an activating moiety as a substituent for the carbon atom in α-position, namely a carboxylate ester moiety, which could result in an increased reactivity.
So far malonates are rarely known as acyl donors in enzymatic amine resolution, and only dimethyl malonate was used in a few earlier experimental studies with bifunctionalized compounds as substrates such as diamines and amino alcohols [12 -14] . In the following, we report our results demonstrating that di- Table 1 . Resolution of (1-phenylethyl)amine (rac-4) with ethyl acetate (2) and diethyl malonate (3) ethyl malonate is a "green" and highly efficient acyl donor in the lipase-catalyzed resolution of amines, thus representing an attractive alternative to currently applied acyl donors. In addition, based on this sustainable donor we report a highly efficient process running at high substrate concentration of 1 M in an organic solvent classified as usable according to the Pfizer Solvent Selection Guide [15] .
Results and Discussion
At first we chose the lipase-catalyzed acylation of racemic (1-phenylethyl)amine (rac-4) as a model reaction for our work. Initial reaction conditions were chosen according to a recent process by Gastaldi and Gil et al. for enzymatic resolution of various amines [6] , which proceeds efficiently with even non-activated acyl donors such as ethyl acetate (2) in heptane at elevated temperature (80 • C). When we used -in analogy to those reaction conditions −12 g L −1 (100 mM) of racemic (1-phenylethyl)amine (rac-4) in combination with ethyl acetate (2) as an acyl donor in n-heptane at 80 • C, a conversion of 50 % and 98 % ee of the formed amide (R)-5 was obtained after 4.5 h ( Table 1 , entry 1). At a decreased reaction time of 2 h, however, the biotransformation was incomplete with 32 % (entry 2). In addition, lowering the catalyst loading by a factor of 4 led to a decrease of the conversion to 33 % after 4.5 h, indicating that ethyl acetate (2) is a less efficient acyl donor (entry 3). Taking these biotransformations as a "benchmark" we next studied the acylation with diethyl malonate (3) as an acyl donor, and we were pleased to find a significantly increased reactivity while maintaining excellent enantioselectivity (Table 1 , entries 4 -6). After having demonstrated as a proof of concept the suitability of diethyl malonate (3) in an initial "model reaction" (entry 4), in further experiments at shorter reaction time or lower catalyst loading significantly improved reaction rates compared to the analogous reactions with ethyl acetate (2) were found. After a reaction time of 2 h high conversion (47 %) and enantiomeric excess (96 % ee) were obtained (entry 5), compared to only 32 % when using ethyl acetate (entry 2). Furthermore, and in contrast to ethyl acetate, a lower catalyst loading led to still a high conversion (entries 3, 6). After obtaining these encouraging results this resolution process has been subject to optimization with respect to an increased volumetric productivity at decreased catalyst demand. After a reaction time of 19 h even at an elevated substrate loading of 121 g L −1 of rac-4 the desired amide (R)-6 was formed with 46 % conversion and 97 % ee, corresponding to a high enantioselectivity of the process with an E-value [16] of > 100 (entry 7). Thus, compared to ethyl acetate (2), a dramatic improvement of reactivity has been observed.
Next, this type of enzymatic resolution process was further studied, varying both substrate and solvent component. As a substrate racemic (1-(4'-bromophenyl)ethyl)amine (rac-7) was used, and as a solvent we evaluated MTBE, which appeared to be interesting in terms of both amine substrate and amide product solubility. When running the resolution with diethyl malonate (3) as acyl donor under reflux conditions (55 • C), with a lower catalyst loading of only 10 mg mmol −1 and at a high substrate input of 200 g L −1 (1 M), the desired amide (R)-8 was formed with high conversion of 47 % and 96 % ee (Scheme 2). This corresponds to a high enantioselectivity with an Evalue of > 100, and taken together with the high reaction rate it demonstrates that diethyl malonate is an excellent acyl donor suitable for use also in a solvent acceptable from the perspective of sustainability.
Conclusion
In summary, diethyl malonate (3) has been demonstrated to be both a "green" and highly efficient acyl donor in the lipase-catalyzed resolution of amines, thus representing an attractive sustainable alternative to currently applied acyl donors. By means of this bulk chemical of low hazard potential as an acyl donor a highly efficient process for enzymatic amine resolution running at high substrate input of up to 200 g L −1
in an organic solvent classified as "usable" according to the Pfizer Solvent Selection Guide has been developed. Future work will also address the expansion of this protocol to the enantioselective synthesis of other amines in highly enantiomerically enriched form as well as further process development.
